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SUMMARY

This report documents the results of an experimenta l i nvestigation of loca l
surface-temperature--d i scontinuity effects on measured wall shear stress. The
results are correlated and previousl y publi shed skin—friction data are adjusted
to compensate for this drag-e l ement temperature effect. Design modifications
and updated capabilities of the NSWC des i gned skin—friction device are also
presented .

The work described in thi s report was perform~ i under the sponsorship of the
Nava l Air Systems Command , TASK A32O-32OC/OO4~/7RO23—O2—OO3 with Mr. Vo Iz as

project monitor.

The author wishes to thank Dr. W. J. Yanta and Dr. R. E. Lee for their support
and cons u l t a t i on , Mr. J. R. Bruno and Mr. T. Young for their design efforts in
improving the NSWC skin—friction balance to its present c o n f i g u r a t i o n , and
Mr. F. W. Brown and Mr. F. C. Kemerer for their e f f i c i e n t  opera t ion  of the
fac i l i ty.
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I NTRODUCT I ON

It is well known that a loca l discontinu i ty in the surface temperature of a
body in motion w i l l  markedly i n f l u e n c e th e heat tra nsfer f rom the f l u i d to the
body over the regi on wh ere t he d iscon t i n ui ty ex i sts . T h i s  eff ect is  espec i a l l y
evident in plug—type calorimeters in high—speed wind—tunnel testing. A similar
loca l “hot spot” condition can occur in sk in—friction balance testing when a skin—
f r i c t i o n  balance drag element is thermally insulated from the cool ed or heated
ma i n surface su rroun d ing  the e l e ment.

I n the simulation of high—speed flight in a ground test facility where heat
t ransfer  is of consi derati on , the ratio of the wall—to—stagnation temperature is
u s u a l l y  matche d . The rat io  ca n be atta i ned in  a wi nd t unne l  e i the r  by r a i s i ng the
stagnation temperature of the facility or cooling the model surface. It has been
the pr actic e at NSWC to emp l oy th e l atter approac h in  p rev io us expe r i menta l st ud ies
of the turbulent boundary layer with heat transfer. Temperature ratios as low as
0.2 have been atta i ned by the cryogenic cooling of the nozzle wall in the NSWC
Boundary Layer Channel (see References I and 2).

From the inception of the cold—wall tests it was realized that a skin—friction
balance would be needed which could operate in a cryogenically coo l ed environment.
Such a balance was designed and built (see Reference 3) with a provision for
cooli ng the drag element to the surrounding test-plate temperature just prior to
data a c q u i s i t i o n .  T h i s  was to be done by c l a mp ing  a c r y o g e n i c a l l y  coo le d ma n i f o l d
around the drag element. Unfortunately, this provisi on was not operationa l during
the ori gi na l  tests an d th e d rag e lement  reached a temperat u re d u r i n g  each test r un
w h i c h  was some l 5 0~< hotter than the surrounding test-plate temperature . Since ~heeffects of such a temperat u re step were u n known , the drag-element cooling
cap a b i l i t y  had to be made operat i ona l in  orde r to va l i date the pr evi ous test data .
Through numerous ba lance desi gn mod i f ica t ions and improvements , this coo l ing
capability was made operationa l and validation tests were performed .

The present report descr ibes the results of those va l ida t ion  tests. The drag—
e lement temperature data are corre lated and t h i s  corre l a t i o n is a p p l i e d  to ear l i e r
published data . The data of Westkaemper (Reference 4) agree with the present
res u l ts ; however , the conc l usion reached by that author; i.e., negligible temper-
atur e step effects , are not consistent with the findings of this study.

1 Vois inet , R. L. P., an d Lee , R. E., “Measurements of a Mach 4.9 Zero—Pressure
Gradient Turbulent Boundary Layer with Heat Transfer ,” NOLTR 72—232, Sep 1972.

2Vois i n e t , R. L. P., an d Lee , R. E . ,  “Measurements of a Supersonic Favorable—
Pressure—Gradient Turbu l ent Boundary Layer with Heat Transfer ,” NOLTR 73—224,
Dec 1 973.

3Bruno , J. R., et. a l., “Ba lance for Measuring Skin Friction in the Presence
of Heat Tran sfer ,” NOLTR 69—56, Jun 1 969.

4Westkaemper , J. C., “Step Temperatu re Effects on D irect Measurements of Drag, ”
AIAA J ourna l, Vol. I , No. 7, Jul 1963, pp. 17 08—1710.
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FACILITY AND TEST CONDITIONS

Wind— tunne l tests were cond ucted in the NSWC Boundary Layer Channel
(Reference 5) at nomina l freestream Mach numbers of 2.9 and 4.9. Skin—friction
measurements were made on the flat nozzle—wall test pl ate of the f a c i l i t y
(see Fi gure 1 ). The copper test plate was cryogenically cool ed with liquid
nitrogen to a temperature of 89°K. The supp l y temperatures were nom i nally 422°K
and 403°K at the Mach 4.9 and 2.9 conditIons respecti vely. The test conditions
for the Mach 4.9 case were essentially the same as those reported in Reference 1
since the present tests were conducted for the p u rpose of v a l i d a t i ng the previous
test data. The Mach 2.9 test conditions were similar except for a change in
nozzle contour. The Reynolds number was varied by chang i ng the supply pressure
from 1 to 10 atmospheres at Mach 4.9 and 1 to 2 atmospheres at Mach 2.9. Data
were obta i ned at severa l axial stations along the test plate . Typ ica l wind — tunne l
test runs lasted on the order of 90 minutes with half of that time being used for
tunnel cool—down procedures.

BALANCE DESCR I PTI ON AND OPERAT I ON

The ski n—friction balance used in these tests is pictured in Fi gure 2. It is
a redes i gned version of the balance described in Reference 3. It is of the self—
nul l ing type whereby a circular floating drag element is continually re—centered
by a servo—feedback system. The unique feature of the balance design is the
“cla m— shell” mechanism used to cool the f l o a t i n g  drag element  to the temperatu re
of the surround i ng test plate. Although the basic design of the new balance is
si m i l a r  to the ol d , si gnificant modifications have been made in the process of
desi gn opti mization .

The balance drag element is sketched in Figure 3. It consists of a flat
surface circu l ar element which is 2.00533 cm. in diameter (surface area = 3.15836
cm.2). The lip thickness is 0.00762 cm. and the clearance gap around the element
is 0.0127 cm. The element edge is beve l ed at ~ 450 angie 1-0 mi nimize edge—pressure
effects and the element surface is ali gne d f l ush w i t h  the su r r o u n d i n g  f l a nge
surface to within ± 0.001 cm. Since the balance mechanism is of the sel f—null ing
type , the clearance gap around the drag element does not change with load i ng .

The balance servo—feed back system operates in a manner similar to the prev i ous
design. The surface shear stress act i ng on the drag element causes the balance
arm to rotate about a f r i c t i o n l e s s  pivot (refer to the schematic i n  Fi gure 4).
The movement of the arm is sensed by a translationa l Linear Variable Differential
Transformer (LVDT). The LVDT null—offset signa l is mon i tored by servo—feedback
electronics and a DC motor is acti vated to produce a restoring force to the balance
arm via a lead—screw , spr i ng g u ide , and spring . The force exerted by the restoring
spring opposes the shear force and restores the balance arm and drag element to a
null or centered position . The magnitude of the restoring force Is proportiona l to
the shear force and is mon i tored by a potentiometer which is geared to the lead—
screw.

Since the servo—feedback is a dynamic system ; spring, mass and damp ing com-
ponents must be adjusted to obtain a stable response to the applied shear load i ng.
The mass of the system is concentrated in the balance arm and counterwei ght an d
remains constant except for minor changes which are initi a l l y ma de for stat i c

5Lee, R. E., et. a l . , “The NOL Boundary Layer Channe l ,” NOLTR 66—185 , Nov 1 966. C
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balance. Spri ng components in the system are found in the restoring spring and
in  the f r i c t ion less p i vots , the flexures. These springs are matched to the drag
l oad i ng expected in the test. Damping is i ntroduced in the system using a dash—
pot. Thi s is a change from the orig i na l des i gn of dam p i n g discs  w h i c h  were develope d
by Durgin (Reference 6). The dashpot is composed of a small piston housed in a non-
ferrous cylindrica l casing with a clearance gap between the two. The piston is
made from a magnet and a magnetic damp i ng fluid (References 7 and 8) is introduced
into the clearance gap. The damp i ng flui d (Dyester base, 10K centipoise viscosity ) stays
in the gap because of its magnetic attraction to the piston. The size of the piston

— and gap a nd the v iscos i t y  of the dam p i n g f l u i d determ ine  the amou nt of v iscous
damp i n g  w h i c h  is i ntroduced i n the system . Electr on i c da mp i n g  (f i l t e r i ng) is a l s o
used to regulate the overall balance sensitivity and response. The fina l adjust-
ments to th e system are g e n e r a l l y  made to pro duce a c r i t i c a l l y  damp ed response to
an appl ied shear—stress loading . An underdamped system can cause undue oscillations
of the ba l a nce ar m a bout the n u l l  pos i t i o n  an d an over damped system can respo nd too
sl owly to changes in the l oad i ng . The technique of system adjustment is generally
one of tri al and error.

Pre l im in ary tests showe d th e ba lance to be sens i t i ve  to temperature changes
around the c r i t ic a l  bal anc e comp onents , i.e. , the f l exu re s , LDVT , sp r ings  and af t
housin g. Since the balance had to be used in a cyrogen i cally—coo l ed environment ,
spec ial precautions were taken to insulate these sensitive components from the
extreme cold. The mounting flange and drag—element cooling mechanism which are in
direct contact with the cryogenic cooling were thermall y i n s u l a t e d  f r om the af t
portion of the balance housing to minimize conduction effects. As an added temper-
ature bu f f e r , heater tape was applied to the mid—balance housing to compensate for
the extreme cold at the mounting flange. As a result , the aft balance housing
temperature rema i ned relative l y constant through each test run and therma l effects
on the balance calibration were minimal.

The dimensiona l stability of the balance whic n relates to component expansion
and contraction with temperature was minimized by usin g I n v ar an d ot her ma teri a l s
having low coefficients of therma l expansion. Components such as the balance arm
and bal ance hou si ng ha d to be constructed of these mat e r i a l s  oth erw ise the t he rma l
expansion of the components would have changed the drag—e l ement ali gnment with
the surround k~g ~~u r  lace. Maximum variation in surface a li gnment under cryogenic
conditions ~as less than ± 0.0025 cm.

I n a manner similar to that described in Reference 3, the present balance
des i gn has the capability of pre—cooling the drag element to the temperature of the
surround i ng wall by plac i ng a coolant manifold , a “cla m—shell” device , in direct
contact with the drag element. The clamping action of the “cla m—shell” is
accomplished via a pneumatic cylinder , worm gear, and linkages (see Figure 5).

6Du r g i n , F. H. , “The Design an d Preliminary Testing of a Direct Measuring Skin
F r i c t i on Meter for Use in  t he Pres ence of Heat Tr an sfer ,” Massachusetts Institute
of Technology Report 93, Jun 1 964
7Eze kiel , F. D. , “Uses of Magnetic Fluid s in Bearings , Lubrication and Damping, ”
ASME Paper 75—DE—5 , 1975
8Moskowitz , R., “Designing with Ferro-Magnetic Fluids ,” ASME Paper 74-DE-5 , 1974
and reprinted in Mechanica l Eng i neering, Feb 1975
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The coolant flows from an external reservoir through an interna l network of mani-f o l d s , flexible meta llic bellows , an d the “clam—s hells. ” The mountin g f l a n g eof the balance  is coo l ed by condu ct i on f rom the su rro und ing  test plate .  When
li quid nitrogen was used as the coola nt, the d rag e l ement cou l d be coo l ed to
within 15 K of the surround i ng test—plate temperature . Since the drag element
is made of copper and has a relativ ely large therma l capacity , its temperat u re di d
not rise at any si gnificant rate after the re l ease of the cooling manifold.
BALANCE CALIBRAT I ON

The ba lance  was e a s i l y cal i brate d because of i ts orientat i on when mo unted in
the vert ica l wind tunnel. Standard wei ghts were directly attached to the surface
of the d rag element and the res u l t an t  force acted i n a d i rect i on tange nt to the
drag—element surface. The balance response to the applied force was monitored by
measur i ng the vo l tage output across the b a l a nce potent i ometer. Th e ba lance was
adj usted to accommodate load i ng as h i g h  as 3000 mg for the Mach 2.9 tests and
1 500 mg for the Mach 4.9. Calibrations (as shown in Fi gure 6) were represented
by s t r a igh t  l i n e s  w i t h  the “zero,” no— l oad intercept, and “s lope ,” vo l tage per
m i l l i gram of loa d i ng, be ing the calibration constants. The calibration “s lope ”
which was a function of the restoring spring constant and potentiometer voltage
sett i ng, changed very little between test runs , and proved to be very stable for a
p a r t i c u l a r  balance conf i gurat ion. The calibration “zero” constant wh i ch re la tes
to the no— l oad output of the balance varied with aft housing temperature and to
a lesser degree w i t h  static pressure .

The effects of temperature and pressure on the balance calibration were
eva l uated in an env i ronmenta l test chamber prior to wind—tunne l testing. By
chang i ng the amb i ent temperature of the ba l a nce, a ca l i bra t ion  “zero ” s h i f t
was measured as shown in Figure 7. This calibration shift was primarily a
r e su l t  of therma l e f fec ts on the se n s i t i v e  b a l a n c e components house d i n  the af t
portion of the balance. As was noted earlier , the a f t  ba l a n c e  h o u s i n g  was
ma i nta ined at a relaTively constant temperature during a wind—tunne l test run
to minimize the temperature change and the resulting errors. The balance housing
temperature was mon i tored during each wind—tunnel test and if a temperature change
occurred , approp r iate corrections were ma de to the c a l i b rat ion “zero” constant.
For the l ongest of wind— tunne l test runs the aft housing temperat u re changed by
less than 3°K. The no— l oad “zero” reading  wa s monitored just p r io r  to and just
after  each a i r  f l o w  cycle a l l o w i ng for a rel atively short time and small tempera-
ture change between calibration checks.

Changes in the drag—element temperature did not affect the balance calibration.
This was determ i ned by obtain ing no— l oad and loaded calibration checks before and
after  act i vat i on of the “clam—she l l” coo l ing manifold. Both the calibration
“zero” and “slope ” were found to be unaffected by the temperature changes of the
mount i ng flange and drag element.

The effects of s tat ic  press u re on the n e w l y  desi gned ba lance were not
signif icant. This is in contrast to the prob l ems noted in Reference 3 where a
siza ble calibration “zero” sh i f t  resu l te d w i t h  pressure change. The reaso n for
the previous pro b lem re late d to the LVDT and the way in  w h i c h  i t  ha s been
electron ically exc i ted . Present calibration results are shown in Fi gure 8. Since
a c a l i brat i on “zero” read ing was taken before and after each wind—tunne l test run •
at a low pressure near the f l o w  s ta t ic  press u re , a correct i on to the cal ib rat ion
was not necessary.

8 
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WIND TUNNEL TEST PROCEDURE

The skin—frictio n balance was made to fit the instrumentation ports in the
copper test plate of the Boundary Layer Channel. The aft portion of the balance
projected back i nto th e p l e n u m  chamber of the fac i l i ty where assoc i ated w i r in g,
l i q ui d n i trogen sup p l y l i nes , and pressu re leads were attached . The aft portion
of the balance was sea l ed , eliminating air leakage through the balance from the
pl enum of the test—p l ate surface.

For each win d—tunnel test run the following procedures were generally followed :

1. Prior to each run , a check of d rag—e l ement align ment and centering was
made.

2. The balance was load calibrated while installed in the test plate .

3. The f ac i l i ty doors we re c l osed and the test sect io n wa s evacua ted .

4. The test p l a t e  was coole d w i t h  l i q u i d n i trogen.

5. Once the tes t p l ate temperature was ach ieved u n i for m l y , the b a l a n c e  “no
load” output was recorded .

6. The air flow was started and drag measurements were obtained . Both
Reyno l ds number and drag-e l ement temperature were cyc l ed .

7. At the comp l etion of data acquisition , the t u n n e l  wa s shut  down and the
liq uid nitrogen cooling was stopped . A no—flow condition was
esta b l i shed at a low test sect i on press u re an d temperature . A ba l ance
“no— l oad” output was recorded .

8. The test—section pressure was elevated to atmospheric pressure
cond i t io ns , fac i l i ty doors were opened , and a check of the drag—element
ali gnment was made.

9. After a period of facility warmup, a post—test cal ibration was conducted .

Th i s seq uence of events i s i l l ustrated i n  Fi gure 9.

A number of test parameters were monitored during each wind—tunnel run.
These included the wind—tunne l supply pressure and temperature , the test— p l ate
temper at u re a nd stat i c press u re , the ba lance  intern a l press u re , the drag—element
temperatur e, the balance aft—housing temperature , an d th e ba lance pot en t iometer
vo l tage read i ng . These parameters establ ished aerodynamic and heat—transfer
cond i t i ons , allowed balance calibration checks , and provided the shear—stress
data . The “s l o pe” constant i n the bal ance c a l i b r a t i on was ass umed consta nt
through each ru n based on pre l i m i nary test resul ts  and the cal i br at ion  checks
w h i c h  were taken bef ore and a f te r  each~ test. The “zero” constant was evaluated
f ro m the “no— l oad” balance readings obta i ned just before and just after the air-
flow cycles (at steps 5 and 7 and at times during step 6 in the procedure). Any
changes in the “no— l oad” r ead ings  before and af te r the run we re u s u a l l y  traced to
a f t  hous i n g  temper at u re ch a nges an d appr opr i ate correct i ons were mad e. Th i s
correct ion was u s u a l l y  minimal.

9 

~~~~ ---- .~~~~~~~~~~~~ -..--- - - - ~~ - -~~~~~~-~~~~~~.



NSWC/W OL ~R 77-7

The shear stress variation with drag—e l ement temperature was obta i ned in one
of two ways; either the Reynolds number was cyc l ed for progressively cooler drag—
element temperatures or the drag—element temperature was cyc l ed for set Reynolds
number cond i t ions  (see Fi gure 9). Procedure steps 6A and 6B). The latter technique
produced more consistent data ; however , once the drag e l ement had been coole d over
one cycle  it  took a long t ime for i t  to warm u p for a ~~cond cycle at a differentRey nolds  n umber.

The drag element of the skin—friction balance was not coo l ed during the
i n i t i a l  stages of a test run and the d rag element reached a temperature wh i ch was
severa l hundred degrees above the temperature of the surround i ng cooled surface.
By obtaining wall shear—stress measurements at this temperature and for success-
ively cool er drag—e l ement temperatures using the “clam—shell” cooling mechanism ,
surface shear—stress data were .obtained over a range of drag—element temperatures.

RESU LTS

Typ ica l plots of the surface shear stress versus drag—e l ement temperature are
shown i n  Fi gure 1 0 for both the Mach 4.9 and 2.9 conditions. An “ ideal” col d—wall
shear stress is obtained from an extrapolat i on of such data to where the drag -
element temperature is equa l to the su rrou nd i n g  w a l l  temper atu re. The sl ope of
th i s extrapola t ion l i n e  g ives the shear error per degree of temperature
difference.

Since the wall  shear stress is defiled as

du
T — (1)
w dy

a d i scon t in u i t y in  surface temperatu re car i n f l uence the surface sh ear st ress
through the f l u id v i scosity and/or th e ve loci ty grad i ent at the wa l l .  F i gure 10
shows 1-hat the effect of a locally “hot” drag element is to increase the loca l
wall shear stress In proportion to the d ifference between the drag-element temp-
erature an d the surround i ng wa l l  tempera ture. I t  i s easy to see from Eq uat io n 1
that the higher the drag—e l ement temperature , th e h i gh er the su rface v i scos i ty ,
and the h i gher the measured wall shear. The effects of a temperature step on the
l oca l boundary—layer ve l oc i ty gradient at the wall cannot be analyzed as directly.
Many factors can infl uence the ve l oc i ty gradient at the wall , i n c l u d i ng th e s ize
and shape of the drag element , the boundary l ay er th i ck ness , the boundary—layer
ve l ocity and temperature profiles , the Mach number and the Reynolds number. Over
the lim ited scope of these tests the drag-e l ement geometry and size were unchanged
an d onl y the Mach num ber a nd Re~’nolds number were varied .

The shear—stress error per degree of temperature difference , i . e . , the s lope
of the l i near variation of shear stress with drag—element temperature , is  shown
in Figure 11 as a funct ion of Reynolds number. The magnitude of the error is
observed to decrease slightly with decreasing Reynolds number for the Mach 4.9
data . At Mach 2.9, o n l y  two Reynolds  number c o n d i t i o ns prov i ded data and no
trends cou l d be determined other than the genera l  agreement of the Mach 2. 9 data
with the Mach 4.9 results. A least—square fit of all  the data provided a
calibration curve of the form

10
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TDE - ‘w N 
= A log (Re/rn) + B (2)

TDE
_ 

w M °K
where : A = 0.0310988

B = 0. 1 795555

The data of Westkaemper (Reference 4) is often referenced on the subject of
temperature-step effects. Westkaemp~ r conc lu ded that  a moderat e temperat ure
mismatch (maximum of 34°K) produ ced a negligible effect on the drag (less than 2
percent) over the range of test conditions covered in that study (Mach 5, Rey nol ds
number per meter f rom 16.5 to 25 million ) .  if the present correlation (Equatiop 2)
is eva l uated for the conditions of West~aemper ’s tests (Mach 5, Re/rn = 20. x 100),
a w a l l  shea r stress error of 0.0475 N/rn per °K is indicated . For a 34°K maximum
temperature step and a nomina l w all shear stress of 82.1 N/rn2 (C f assumed equa l
to 0.001 5), the wall shear stress variaflon which might be expected from
the present correlation would be of the order of 1.96 percent. This
low percentage error is within the observed drag variation and stated experimenta l
accuracy noted by Westkaemper. As such , i f the present corr e l a t io n we re to hol d
for  th ose tests , the expect ed error wou l d be s m a l l , i t wou l d be very di f f i c u l t  to
evaluate and could easily be over—shadowed by the accuracy limitations of the
experiment. The temperature—step effects might be considered negligible for those
tests; however , the inference that the temperature—step effects are generally
negli g ible must not be made.

It has been shown that the abso l ute magnitude of wall shear—stress error per
deg ree of temperature mismatch is not a strong function of the wall shear stress
(see F igure 11 ). As such , the percentage error w i l l  be small if the absolute
mag ni tude of th e w a l l  shear st ress i s l arge. Howeve r, t he oppos i te w i l l  be tr ue
fo r sma l l  v a l u es of w a l l  shear stress.

The magniTude of the temperature—step effects in these tests is better
realized in Fi g u re 12 where the ca l ib rat ion r e s u l t s  are pre sente d i n terms of the
percentage error. Errors as hi gh as 0.45 percent per deg ree (K) of tempe rature
mismatch are indicated . The percentage errors are hi gher at the higher Mach
number conditions because the wall shear stress is l ower for the same Reynolds
number (the absolute error showed no dependence on Mach number). For a constant

~.1ach number , the percentage error increases with decreasing Reynolds number.
Again the magnitude of the percentage errors tends to ref l ect the magnitude of the
wall shear stress. It is important to note that the percentage errors can become
very l arge as the va l ue of the wa l l  sh ear stress becomes sma l l ;  i .e . , f or h i g h
Mach numbers and/or low Reynolds numbers.

As a fina l note, some comment should be made as to drag—element misalignment
and the possibilit y of errors res u l t i ng from such misali gnment. Severa l precautions
were taken to minimize this prob l em as discussed in the text and , for the most part ,
the steps taken were successful. The drag—element misali gnment was less than

~~ . 
0.0025 cm , and based on the data of O’Donnell (Reference 9 ) an error in shear

stress of less th an + 4 percent could be expected . Between duplica te test runs
and for certain long test runs where the tempe rature of the drag_eIi~nent was
cyc l ed severa l times , the leve l of shear stress was slightly different bet~.oc-n
tnm~mr itur~~ ryc-les . These shifts cou!d not alwdy s be c-<p lai ned in terms of

9O’Donne ll , Fr an cft B. ,  J r., “A Study of the Effect of Floating El ement ‘-‘i sal i ~ nn~nt
on Skin—rric tion— Bal ance Accuracy, ” ORL Report- 515 , CR— 1 0, -~-~r 1 964

11
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calibration shifts and a drag—element misalignment was suggested . It should be
noted , however , that the data showed a consistent trend of decreasing shea r
stress with decreasing temperature for each of the temperature cycles. Also ,
the shift in shea r stress which was due to suspected misalignment of the drag
element was always less than the change in shea r stress due to drag—e l ement
temperature effects. Since the data were analyzed for sin gle temperature cycles ,
changes in the shear—stress value between cycles were not considered and effects
on the ana l ysis were considered minimal.

Since the purpose of these tests was to obtain a calibration which could be
used to verify previously published skin—friction data , it is appropriate that
the calibration now be applied to that data . Refer to Appendix A for a listing
and descri ption of corrections which were applied to the skin—friction data of
References I and 2.

CONCLUSIONS AND RECOMMENDATIONS

An experimenta l study was conducted to determ i ne the NSWC skin-friction
bala nce drag—element temperature effects on measured wall shear stress. The
res u l ts  of t he st ud y indicate a friction—drag variation which is proportiona l
to the difference between the drag—eleme nt temperature and the temperature
of the surrounding wall. The percentage change can become very large when the
va l ue of the wall siear stress is low , i.e., for high Mach numbers and/or low
Reynolds numbers.

Additiona l work is needed to gain a better understand i ng of temperature—
step effects .  The present stud y has show n th at an e f fec t  exis ts  a nd th i s
effect can be significant. Other experimenta lists must now consider this fact
and evaluate the effects for their balance confi guration and flow—field
conditions. Of equa l importance to experimenta l results is the need for
a na l y t i c  mode l i ng of the e f fec t .  Hopef u l l y  f r om an ana ly t i c approa ch , the
important parameters which influence the effect may be determ i ned.

12
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SYMBOLS

Cf 
l oca l skin—friction coefficient

M Mach number

• P pressure

P static pressure
5

P i tot press u re
2

r recovery factor

Re/rn Reynolds number per meter

Re0 
momentum thickness Reynolds number

T temp erature

u ve l oci ty

x distance along p l ate f ro m noz z l e  t h roat

y distance norma l to plate

6 boundary—layer thickness

6* disp la cement th i ckness

0 momentum thickness

0E 
energy t h i c k ness

0
H 

tota l enth a l py t h i cknes s

ii dyn am ic v i scosity

v ki nema t i c  v i scos i ty

p dens i ty

T shear stress

15
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Sub scri pts

aw adiabatic—wall conditions

DE drag element

e free—stream condit ions

o tunne l s u p p l y  con di t ions

t stagnation condi t ions

w w a l l  cond i t i ons

Superscrl p1-s

_________ 
transformed quantities

16
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APPENDIX A

CORRECT I ONS TO PREV I OUSLY PUBLISHED DATA

In References 1 and 2 cold—wall skin—friction results were presented and a
statement was made to the effect that the cold—wall data were obtained with a
loca l ly  “hot” drag element. By ap plying the correction for temperature—step
effects as derived In this study, significa nt changes to the prev i ousl y
publ ished resu l ts are Ind i cated .

Figure Al shows a summary of the Mach 4.9 zero—pressure—gradient (ZPG )
skin—friction data which was presented In Reference 1 together with corrected
results . The data are shown in an I ncompress ible frame of reference usino
the compressibility transformation of Van Driest (Reference Al ) in the form:

— r (0.2 M 2)Cf = C f e (Al )

{sin~~ 
(2A

2 
— B ~ + s i n ~~( 

B 
\

2

\ B2 + 4A2/ 
+ 4A~ J1

Ii
R ‘~~~~~~

—
~~

- R ‘ (A2)
e0 ~

‘w e0

where:

2A =  ~— r O . 2 M r = 0.89
w

Taw
~ Tw

Using this transformation , the effects of Mach num ber an d heat t ransfer  on t he
skin—friction coefficients are eliminated and the trends in the data are more
easily noticed. Shown for comparison to the data is the i ncompressible , zero—
pressure—gradient relation of Karman—Schroenherr (Reference A—2 ).

Al . ,,Van DrIest, E. R., Turbulent Boundary Layer In Compressible Fluids ,
Journa l of the Aeronautica l Sciences , Vol. 18, No. 3, Mar 195 1 , pp. 1 45— 1 60.

A2SChOenherr K. E., “Resistance of Flat Surfaces Moving Through a Fluid ,”
Society of Nava l Architects and Marine Engineers , Vol. 40, 1932, pp. 279—313.
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Fi gure Al shows the uncorrected col d—wall (CW ) data of Reference 1 to have a
trend which Is qu i te dIfferent from the adiabatic—wall (AW) and moderate—heat—
transfer (MHT ) results. The AW and MHT skin—friction data are consistently
(from 15 to 20 percent) be l ow predIcted values and vary I nversely with the
0.25 power of Reynolds number. The hi gher skin—friction va l ues and increased
power relatIonshi p of the CW data could not be exp la ined  p r io r  to the recent
tests. Only when the temperature step correction , equatIon (2), Is applie d
to the CW data do the CW results fall in line with the AW and MHT results.
The val ues of CW skin—friction are reduced by the correction and the reduction
is greater at the lower Reynolds n umbers r e s u l t i n g  in  a change in  the Cf vs.Re
0 

power trend .

I n a similar manner, the temperature—step correction was applied to the
favorable—pressure—gradient (FPG) data of Reference 2. These resu l ts are
show n in Fi gure A2. The trends of l ower skin— friction va l ues and reduced
power exponent r e l a t i o n s h i p  w i t h  Reyno l ds number are a g a i n  prese nt , however ,
the magnitude of the correction Is not as pronounced due to the higher values
of wall shear stress which were experienced in the FPG flow field. Corrected
tabulations of the ZPG and FPG data of References I and 2 are presented in
Tables Al and A2. These data list i ng should be considered as addendum to the
previous data reports.

A-2 
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TABULAR OUTPUT NOMENCLATURE

The nomenclature used In the computerized tabular output (Tables Al and A2)
Is defined as follows:

P0 tunne l su p p l y prossure

TO tunnel supply temperature

TW w a l l  tempe rature

TOE drag-e l ement temperature

MPW Mach nu mb er

THP boundary—layer momentum thickness

RTHPW momentum thickness Reynolds number

TAUW (UNC) wall shea r stress (uncorrected )

TAUW (CORR) wall shea r stress (corrected )

CF skin-fri ction coefficient (corrected )

BETADS pressure—gradient parameter

A— 3
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BEST AVAILABLE COPY
TABLE Al CORRECTED COLD-WALL SHEAR STRESS DATA OF REF. 1

PC TO T~ TOO “P .  01- P IT I - P4  1AIJ~~ ( I J 6 C I  T A U w I C O O P )  cc 1 - 0 1 4 0 5
Ps , M? O F G . 4  C E G . 6  CE(, .I( (0 1.187 N/8 2

001. p.O. 1 1 0191 . jOG—C.. 1.524 11 ~ T 411oP. . pioL P 4 L O N C F
1.0’40.06 426 .7  90.0 201 .7 4.968 .2171 4 .7180 .04 3.81150’Ol 3.3790 .01 9.64.’F 04 0.000
9. 3 0 6 0 . 0 5  431 .1 60.0 202.2 4.960 .2854 4 .3170.04 3 .64?F .01 3.152F~~O 1 6.9700— 04 0.000
‘.2 748 .05 422.2 $0.0 201.1 4.956 .2914 4.0590*04 3.30-90.01 2 .8930 .01 1.0 .2 0—03 0.000
7.2291 .05 424 .4 $0.0 201. 1 4.961 .3022 3. 40 ,04 3.0198’Ol 7 .56110 .01 1.0 410—0 ’ 0.000
6.2051.05 418 .3 $0.0 199.4 4.967 .1125 3.297F .04 2 .6600•01 2 .2350.01 1.062 F— 0~ 0.000
5 .1710.05 422.2 90.0 197.? 4.961 .‘281 2.5500*04 2.2840.01 1.9010 .01 1 .0700—0’ (- .000
4.12 7E .~~5 420.6 09.4 193.0 4.95,9 . 34o4  7.4250.04 1.92I p. OI 1 .5730 .01 1 .114 0— 0 ’ 0 .000
3 . lC) ( iT I5  42 1 . 1  88 .9 19 0.0 4.937 .17 17 1.9660.04 1.540,1.01 1.0460 .01 1 .14 7 0— 03 0.000
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THEORY — KARMA N SCHOENHERR INCOMP. EQN.
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